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Abstract  Bacillus  amyloliquefaciens  fmb50  produces  a  high  yield  of  surfactin,  a  lipopeptide-
type biosurfactant  that  has  been  widely  studied  and  has  potential  applications  in  many  ﬁelds.
A foam  overﬂowing  culture  has  been  successfully  used  in  the  combined  production-enrichment
fermentation  of  surfactin.  In  this  study,  the  agitation  and  aeration  rates  were  found  to  have
relationships  with  foam  formation  and  surfactin  enrichment.  A  maximum  surfactin  concentra-
tion of  4.7  g/l  of  foam  was  obtained  after  21  h  of  culture  with  an  agitation  rate  of  150  rpm  and
an aeration  rate  of  1  vvm  in  fed-batch  culture.  By  controlling  the  foam  overﬂow  rate  (fout)  of
a fed-batch  culture,  surfactin  concentration  in  the  foam  was  continuously  maintained  above
4 g/l.
©  2015  Published  by  Elsevier  España,  S.L.U.  on  behalf  of  Asociación  Argentina  de  Microbiología.
This is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Control  de  las  tasas  de  aireación  y  agitación  en  la  producción  de  surfactina  en  un
cultivo  alimentado  (fed-batch)  en  espuma  desbordante  con  fermentación  industrial
Resumen  Bacillus  amyloliquefaciens  fmb50  produce  gran  cantidad  de  surfactina,  un  bio-Espuma  desbordante;
Cultivo  fed-batch;
Fermentación
surfactante  de  tipo  lipopeptídico  que  ha  sido  objeto  de  estudios  pormenorizados  y  tiene
aplicaciones  en  muchos  campos.  El  cultivo  en  espuma  desbordante  se  ha  utilizado  con  éxito
en la  fermentación  combinada  de  producción-enriquecimiento  de  surfactina.  En  este  estudio,
eación  y  agitación  tienen  relación  con  la  formación  de  espuma  y  el
ctina.  Se  obtuvo  una  concentración  máxima  de  surfactina  de  4,7  g/l
h  de  cultivo  con  una  tasa  de  agitación  de  150  rpm  y  una  tasa  deindustrial se halló  que  las  tasas  de  air
enriquecimiento  de  la  surfa
de espuma  después  de  21  ∗ Corresponding author.
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aireación  de  1  vvm  en  un  cultivo  alimentado  (fed-batch).  Al  controlar  la  tasa  de  espuma  desbor-
dante (fout)  de  un  cultivo  fed-batch,  la  concentración  de  surfactina  en  la  espuma  se  mantuvo
continua  por  encima  de  4  g/l.
© 2015  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de  Asociación  Argentina  de  Microbi-
ología. Este  es  un  artículo  Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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AIntroduction
Biosurfactants  are  amphiphilic  molecules  widely  produced
by  a  variety  of  microorganisms,  which  have  been  consid-
ered  as  an  alternative  to  chemical  surfactants.  Lipopeptides
are  one  of  the  major  types  of  biosurfactants14. As  the  most
effective  biosurfactant  that  has  been  found  so  far,  sur-
factin  can  lower  the  surface  tension  of  water  from  72  to
27  mN/m5,12.  Surfactin  exhibits  antibacterial  and  antiviral
properties  and  biodegradability,  and  appears  to  be  promis-
ing  for  applications  in  areas  such  as  bioremediation  and
oil  recovery1,2,15.  However,  after  almost  50  years,  surfactin
is  not  yet  a  viable  alternative  to  chemical  surfactants
because  of  the  low  yield  in  bioreactors13,  its  relatively  high
medium  cost,  and  severe  foaming  in  aerated  and  stirred
bioreactors16.  Therefore,  the  production  of  surfactin  is  still
limited  to  laboratory  scale5.  To  cope  with  these  problems,
renewable  substrates  and  foam  overﬂow  fermentation  were
used  in  recent  years4,9.
Some  studies  on  fed-batch  culture  of  surfactin  have  been
undertaken  in  the  past  few  years4,5,16.  In  foam  overﬂowing
fed-batch  culture  (FOFC),  the  ﬂow  rates  of  the  feed  and  of
the  overﬂow  foam  were  equal,  and  thus  the  broth  volume
in  the  bioreactor  was  kept  constant,  and  continuous  enrich-
ment  of  surfactin  in  foam  overﬂow  was  accomplished6.  It  has
been  shown  that  by  controlling  the  agitation  and  aeration
rates,  maximum  surfactin  productivity  could  be  achieved
when  the  oxygen  volumetric  mass  transfer  coefﬁcient  (kLa)
value  was  0.0132/s16.  However,  the  effect  of  agitation  and
aeration  rates  on  surfactin  enrichment  in  the  foam  has  not
been  reported.
In  our  previous  studies,  we  identiﬁed  a  strain  of  Bacillus
amyloliquefaciens  as  producer  of  ﬁve  surfactin  homologues
by  using  high  performance  liquid  chromatography  (HPLC)
and  electrospray  ionization  mass  spectrometry  methods13.
A  high  yield  of  surfactin  from  strain  B.  amyloliquefaciens
fmb50  was  obtained  by  genome  shufﬂing,  and  a  method  for
surfactin  determination  was  established17.
In  this  work,  a  semi-deﬁned  medium,  which  is  of  low
cost  and  high  yield  compared  with  the  commonly  used
Landy  medium,  was  initially  combined  with  foam  overﬂow
batch  culture.  The  effect  of  agitation  and  aeration  rates  on
the  foam  overﬂowing  rate  (fout)  and  surfactin  enrichment
in  the  batch  culture  process  were  studied.  By  using  fed-
batch  culture,  a  continuous,  high  concentration  enrichment
of  surfactin  could  be  achieved.  This  novel  fermentation
technology  has  a  potential  for  the  industrial  application  of
surfactin  production.
T
p
oaterials and methods
icroorganism  and  culture  media
.  amyloliquefaciens  fmb50  (CGMCC  No.  6249),  the  surfactin
roducer  used  in  this  study,  is  registered  by  the  China  Com-
ittee  for  Culture  Collection  of  Microorganisms.
The  seed  medium  (BPY)  consisted  of:  beef  extract  5.0  g/l,
eptone  10.0  g/l,  yeast  extract  5.0  g/l,  glucose  10.0  g/l  and
aCl  5.0  g/l  (pH  7.0).
The  semi-deﬁned  medium  (IBM)  used  for  fermentation
as  optimized  by  the  Taguchi  method  in  our  previous  work,
nd  consisted  of:  corn  powder  35  g/l,  ammonium  nitrate
5  g/l,  urea  6  g/l,  KCl  1.47  g/l,  NaH2PO4 20  mmol/l,  MnSO4
.5  mmol/l,  MgSO4 0.1  mmol/l,  CuSO4 12.8  mol/l,  FeSO4
 mol/l  and  CaCl2 0.5  mol/l  (pH  7.0).
lask  and  bioreactor  culture  conditions
n  the  primary  inoculum,  a  loop  of  colonies  from  a  fresh
otato  dextrose  agar-slant  was  transferred  into  50  ml  BPY
edium  in  shaken  ﬂasks  (250  ml)  and  cultured  at  37 ◦C  and
80  rpm  for  12  h.  For  the  secondary  inoculation,  10  ml  of  the
rimary  culture  was  inoculated  into  200  ml  BPY  medium  in
haken  ﬂasks11, and  cultured  in  the  same  conditions  as  those
n  the  primary  inoculum.
Bioreactor  cultivation  was  performed  in  a  19  l  bioreac-
or  containing  12  l  of  medium  (L1523,  Bioengineering  AG,
witzerland);  the  temperature  was  controlled  at  32 ◦C  and
he  pH  was  maintained  at  7.0  with  the  automatic  addition
f  4.0  mol/l  NaOH.  Three  control  strategies  were  adopted
n  batch  cultivation  to  investigate  the  effects  of  agitation
nd  aeration  rates  on  fout and  surfactin  enrichment  in  foam
rom  overﬂowing  cultures.  The  agitation  and  aeration  rates
ere  controlled  as  shown  in  Table  1.  In  control  1,  the  agi-
ation  and  aeration  rates  were  controlled  at  200  rpm  and  at
.66  vvm  respectively.  In  control  2,  the  agitation  and  aer-
tion  rates  were  controlled  at  a  relatively  high  level;  the
gitation  rate  was  300  rpm  and  the  aeration  was  increased
rom  1.2  to  2.66  vvm  as  the  foam  overﬂowed  and  the  medium
olume  in  the  bioreactor  was  reduced.
nalytical methodshe  colony  forming  units  (CFU)  were  calculated  using
late  colony-counting  methods.  Dry  cell  weight  (DCW)  was
btained  by  collecting  the  fermentation  broth  with  different
346  
Table  1  Control  strategy  of  agitation  and  aeration  rates.
Control  Agitation  rate  (rpm)  Aeration  (vvm)
1  200  0.66
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22 300  1.2--2.66
3 150--250  1.8
ncubation  times  in  the  IBM  medium.  After  centrifugation  at
000  ×  g  for  15  min,  the  collected  pellets  were  dried  for  8  h
t  90 ◦C  and  the  dry  cells  weighed8.  Then,  the  dry  cell  weight
DCW)  was  determined  using  a  pre-determined  standard
urve  relating  the  number  of  colony  forming  units  (CFU)  to
he  dry  weight:  DCW  =  2.43  ×  log  CFU/ml  −  18.63,  with  an  R2
alue  of  0.92.  Results  were  represented  as  CFU  per  milliliter.
Culture  samples  were  precipitated  and  then  extracted
ith  methanol  as  described  by  Cooper  et  al.3 in  the
xtraction  of  surfactin.  Surfactin  concentration  in  crude
amples  was  determined  by  reverse  phase  HPLC  (U-3000,
ionex,  United  States)  equipped  with  an  Agilent  C18  col-
mn  (4.5  mm  ×  250  mm,  Agilent,  United  States)  and  a  UV
etector.  About  20  l  of  the  surfactin  sample  was  injected
nto  the  column  and  then  eluted  with  acetonitrile  with  0.1  %
FA  at  a  ﬂow  rate  of  0.84  ml/min.  Eluent  absorbance  was
onitored  at  210  nm17.  Quantization  was  performed  based
n  a  standard  curve  using  a  standard  sample  of  surfactin
Sigma--Aldrich  Co.,  United  Sates).  The  standard  curve  equa-
ion  is:  y  =  17.771x −  38.742  (R2 =  0.999).  The  equation  for
he  calculation  of  the  speciﬁc  growth  rate  (/h)  was:
 =  dX/(X·dt);  the  equation  for  the  calculation  of  the  speciﬁc
rowth  rate  (qp/g/(g*h))  was:  qp  =  dP/(X·dt),  X:  cell  yield
g/l);  P:  product  yield  (U/ml);  t:  fermentation  time  (h).
esults and discussion
ffect  of  the  control  strategy  on  cell  speciﬁc
rowth ratehe  effect  of  agitation  and  aeration  rates  on  cell  growth
n  the  three  control  strategies  adopted  in  this  study  in
atch  culture  is  shown  in  Figure  1.  In  controls  1  and  2,
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igure  1  Time  courses  of  CFU  (A)  and  cell  speciﬁc  growth  rate  (
hree control  strategies.  In  control  1,  the  agitation  rate  was  200  rpm,
ate was  300  rpm,  and  the  aeration  rate  increased  from  1.2  to  2.66  v
50 rpm  to  keep  the  overﬂowing  ﬂow  rate  at  a  relatively  moderate  lS.  Yao  et  al.
.  amyloliquefaciens  fmb50  in  the  bioreactor  reached  up  to
09 CFU/ml  after  15  ±  0.2  h culture,  and  then  the  cell  growth
ent  into  stationary  phase  (Fig.  1A).  However,  in  control  3,
ell  growth  declined  from  12  h  of  cultivation.  That  may  be
ue  to  the  agitation  rate  changing  between  150  and  250  rpm;
ormal  cell  growth  seemed  to  be  inhibited  and  the  biomass
ecreased  due  to  the  simultaneous  increase  of  the  overﬂow.
.  amyloliquefaciens  fmb50  reached  its  maximum  speciﬁc
ell  growth  rate  at  6  h  of  cultivation  in  control  1,  which  was
 h  earlier  than  in  control  2  (Fig.  1B).  In  control  3,  where  cell
rowth  was  disturbed,  a  lower  speciﬁc  cell  growth  rate  was
bserved.  The  maximum  speciﬁc  cell  growth  rate  was  low-
red  nearly  by  half  with  respect  to  controls  1  and  2.  Although
he  increase  in  the  agitation  rate  promoted  quadratic  cell
rowth,  this  one  was  not  delayed.
Surfactin  production  is  essentially  associated  with  cell
rowth7,16, although  high  biomass  does  not  necessarily  mean
igh  surfactin  production.  It  seems  that  a  lower  speciﬁc
rowth  rate  is  more  conducive  to  the  production  of  biosur-
actants  such  as  mycosubtilin4.  The  effect  of  agitation  and
eration  rates  on  cell  growth  and  cell  speciﬁc  growth  rate
as  studied  in  this  paper  and  the  best  control  strategy  was
hosen  to  enhance  surfactin  production.
ffect  of  the  control  strategy  on  fout and  the
oncentration  and  production  of  enriched  surfactin
n foam
oam  began  to  overﬂow  outside  the  bioreactor  after  6  h  of
ultivation  (Fig.  2A).  The  maximum  fout in  control  1  was
.3  l/h  while  in  control  2  it  was  1.3  l/h,  which  indicated  that
he  foam  overﬂow  was  signiﬁcantly  affected  by  the  agitation
nd  aeration  rates  used  in  different  strategies.  The  surfactin
oncentration  in  the  overﬂow  foam  also  changed  with  time.
s  shown  in  Figure  2B,  different  trends  were  observed  in
he  three  control  strategies.  In  control  3,  surfactin  concen-
ration  increased  linearly  and  showed  the  highest  speciﬁc
roduction  rate,  reaching  a  maximum  of  0.426  l/h  (Fig.  2C).
The  linear  increase  of  surfactin  concentration  and  the
elatively  high  speciﬁc  production  rate  in  control  3  (Fig.  2B
nd  C)  indicated  that  high  surfactin  enrichment  in  foam
0.8 Control 1
Control 2
Control 3
0.6
0.4
0.2
0.0
µ
/h
Time (h)
0 5 10 15 20 25 30 35
B)  by  Bacillus  amyloliquefaciens  fmb50  in  batch  culture  with
 and  the  aeration  rate  was  0.66  vvm;  in  control  2,  the  agitation
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evel,  and  the  aeration  rate  was  kept  at  1.8  vvm.
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Figure  2  Time  courses  of  foam  overﬂowing  ﬂow  rate  (A),  surfactin  concentration  in  the  foam  (B)  and  speciﬁc  production  rate  (C)
in batch  culture  of  Bacillus  amyloliquefaciens  fmb50  with  three  control  strategies.  In  control  1,  the  agitation  rate  was  200  rpm,  and
the aeration  rate  was  0.66  vvm;  in  control  2,  the  agitation  rate  was  300  rpm,  and  the  aeration  rate  increased  from  1.2  to  2.66  vvm;
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surfactin  production  presented  a  different  kinetic  trend.in control  3,  the  agitation  rate  was  changed  between  150  and  2
rate was  kept  at  1.8  vvm.
may  be  achieved  by  a  combined  control  of  the  agitation  and
aeration  rates  at  a  reasonable  level.  As  shown  in  Figure  2B,
the  maximum  surfactin  concentration  in  foam  reached
3.342  g/ml  and  the  maximum  surfactin  production  in  foam
reached  2.525  g  (approximately  overﬂowing  7.6  l  foam)  in
control  3.  However,  maximum  surfactin  concentration  and
maximum  surfactin  production  were  1.8  g/ml  and  8.46  g
(approximately  overﬂowing  4.7  l of  foam)  in  control  1,
respectively.  These  results  in  control  3,  which  show  the
linear  increase  of  surfactin  concentration  and  the  relatively
high  speciﬁc  production  rate,  are  similar  to  those  in  the
study  by  Davis  et  al.6,  the  enrichment  of  surfactin  in  the
foam  was  enhanced  to  0.44  g/l  with  the  time  going  by
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Figure  3  Effect  of  agitation  and  aeration  rate  on  foam  overﬂowin
foam (down)  at  15  h  (A  and  D),  21  h  (B  and  E),  and  33  h  (C  and  F)  by  m  to  keep  fout at  a  relatively  moderate  level,  and  the  aeration
upplementing  culture  broth  in  the  stationary  phase6. Foam
topped  overﬂowing  at  22  h  in  control  1  and  at  26  h  in
ontrols  2  and  3.  This  was  partly  due  to  the  medium  level
n  the  bioreactor  dropping  as  overﬂowing  foam:  however;
he  surfactin  in  the  foam  was  thus  separated  from  the
roth  almost  completely6.  Apparently,  continuous  surfactin
roduction  in  the  bioreactor  ensured  an  increasing  trend
f  surfactin  concentration  in  the  foam.  With  the  agitation
nd  aeration  rate  controlled  under  different  strategies,  theontrol  3,  under  which  fout was  below  0.7  l/h,  indicated
hat  surfactin  enrichment  may  be  improved  through  stir
peed  and  aeration  control.
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nﬂuence  of  agitation  and  aeration  rates  on  fout
nd  concentration  of  enriched  surfactin
he  inﬂuence  of  agitation  and  aeration  rates  on  fout and  sur-
actin  enrichment  in  the  overﬂowing  foam  were  investigated
n  batch  culture  experiments  conducted  using  a  series  of
ombinations  of  aeration  and  agitation  rates.  Foam  over-
ow  began  after  6  h  of  cultivation  (Fig.  2A).  As  indicated  in
ig.  3(A--C),  fout tended  to  increase  with  an  increased  aer-
tion  rate  from  1  to  1.5  vvm  and  agitation  rate  from  150  to
50  rpm.  At  33  h,  fout was  extremely  low,  only  a  maximum
.14  l  per  hour  (Fig.  3C);  however,  raising  the  aeration  rate
o  250  rpm,  the  fout could  increase  to  a  maximum  1.76  per
our.
Agitation  and  aeration  rates  signiﬁcantly  affected  the
oncentration  of  surfactin  in  the  foam.  In  the  early  stage  of
ermentation  (i.e.  at  15  h;  Fig.  3A),  an  increase  in  agitation
ate  increased  fout;  however,  the  surfactin  concentration
as  at  a  relatively  low  level  and  decreased  from  1.6  g/l
o  1  g/l  with  the  agitation  increase.  At  21  h,  the  maximum
urfactin  concentration  of  4.7  g/l  occurred  at  150  rpm  agi-
ation  and  1  vvm  aeration.  With  the  increase  of  agitation  to
50  rpm,  the  surfactin  concentration  was  reduced  to  1.5  g/l.
nterestingly,  the  change  in  the  agitation  rate  had  no  effect
n  the  surfactin  concentration  at  1.5  vvm  aeration  (Fig.  3E).
t  33  h,  the  surfactin  concentration  in  the  foam  was  main-
ained  at  >2.5  g/l  with  an  aeration  rate  of  1.5  vvm  and  it  did
ot  drop  with  an  increasing  agitation  rate.  However,  under
he  condition  of  aeration  rate  at  1  vvm,  the  surfactin  concen-
ration  in  the  foam  was  2.5  g/l  only  with  the  agitation  rate
f  250  rpm.  Apparently,  the  agitation  and  aeration  rates  sig-
iﬁcantly  affected  the  concentration  of  surfactin  enriched
n  the  foam.
The  agitation  and  aeration  rates  in  the  aerobic  fermen-
ation  greatly  affected  the  foam  formation  rate  and  the
urfactin  concentration  in  the  foam.  Similar  to  our  case,  a
revious  study  observed  that  a  higher  stirring  speed  or  aera-
ion  rate  led  to  a  higher  fout6.  However,  surfactin  enrichment
n  this  study  presented  a  different  kinetic  relationship  with
out compared  to  that  in  the  basic  study  by  Davis  et  al.6,  in
hich  the  foam  continuously  overﬂowed  under  a  constant
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igure  4  Time  course  proﬁles  of  CFU,  surfactin  concentration  in
ermentation  of  Bacillus  amyloliquefaciens  fmb50  under  controlled  S.  Yao  et  al.
gitation  rate.  In  the  late  stages  of  batch  FOFC,  such  as  at
3  h  (Fig.  3F),  the  surfactin  concentration  in  the  foam  was
ower  than  at  an  earlier  stage  (21  h),  because  >  50%  of  the
ulture  broth  in  the  bioreactor  was  gone.  Thus,  the  broth
evel  in  the  bioreactor  was  too  low  to  maintain  the  over-
owing  foam  and  further  foam  formation  was  also  limited
ecause  almost  all  the  surfactin  had  already  been  drained
way  in  the  foam.  Both  the  surfactin  concentration  in  the
oam  and  fout were  determined  by  the  surfactin  produced  in
he  broth.  Furthermore,  the  fout level  affected  the  surfactin
nrichment,  and  at  the  same  time,  fout was  inﬂuenced  by
he  agitation  and  aeration  rates.
ed-batch  culture  with  controlled  agitation  and
eration rates
 fed-batch  culture  process  was  also  adopted  in  this  study.
igure  4  shows  that  foam  began  to  overﬂow  after  6  h  of
ultivation.  Afterwards,  fout gradually  dropped  from  0.6  l/h
o  0.2  l/h  by  real-time  control  of  the  agitation  and  aera-
ion  rates  and  was  maintained  at  this  rate.  From  15  h,  the
BM  medium  was  fed  into  the  bioreactor  at  a  0.2  l/h  feed
ate  (matching  fout).  In  this  culture,  the  biomass  was  kept
bove  109 CFU/ml.  Foam  continued  to  overﬂow  until  the  cul-
ivation  terminated  and  surfactin  was  enriched  in  the  foam
ith  a  concentration  >4  g/l;  the  maximum  concentration
eached  4.7  g/l.  At  the  end  of  the  fermentation,  the  sur-
actin  concentration  in  the  culture  broth  in  the  bioreactor
as  very  low  (data  not  shown),  which  means  that  almost  all
he  surfactin  was  transferred  into  the  foam.
In  other  studies  of  foam  overﬂowing  cultures,  although
he  product  was  enriched  and  separated  in  foam,  the  foam
verﬂowed  spontaneously,  and  thus  the  surfactin  concen-
ration  in  it  ﬂuctuated6,10,16. For  this  reason,  surfactin  in
he  foam  was  not  enriched  to  a  very  high  level;  in  previous
tudies,  in  which  surfactin  was  produced  by  potato  pro-
ess  efﬂuent,  it  was  1.67  g/l  and  0.9  g/l6,10.  Thus,  controlled
oam  overﬂow  in  this  work  achieved  almost  3  and  4 times  the
urfactin  concentration  compared  with  the  previous  studies,
espectively6,10.  Furthermore,  the  medium  feeding  in  our
h cultur
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 foam,  and  foam  overﬂowing  ﬂow  rate  (fout)  during  fed-batch
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Genome shufﬂing of Bacillus amyloliquefaciens for improvingControl  of  agitation  and  aeration  rates  in  the  production  of  
study  overcame  disruption  of  cell  growth,  which  ensured
that  surfactin  was  continuously  produced.  Combined  with
control  of  fout at  a  low  level,  the  surfactin  concentration  in
the  foam  was  maintained  above  4  g/l,  which  will  signiﬁcantly
reduce  production  costs  and  improve  industrial  production
capacity.
Conclusions
Our  study  focused  on  the  control  of  agitation  and  aeration
rates  in  foam  overﬂowing  fermentation  to  improve  surfactin
enrichment  and  continuous  high-level  production.  In  batch
mode,  the  agitation  and  aeration  rates  were  found  to  have  a
close  relationship  with  cell  growth  and  surfactin  production.
In  further  research,  our  study  revealed  that  fout does  not
always  negatively  impact  on  the  surfactin  concentration  in
the  foam.  The  broth  level  in  the  bioreactor  and  the  surfactin
residue  in  the  broth  also  affect  both  fout and  the  surfactin
enrichment  of  the  foam.
Through  feeding  the  medium  into  the  bioreactor,  a  fed-
batch  fermentation  process  was  successfully  established  in
which  foam  overﬂowed  at  a  controlled  ﬂow  rate  of  0.2  l/h,
and  surfactin  in  the  enriched  foam  was  kept  at  a  level  above
4  g/l.
Ethical disclosures
Protection  of  human  and  animal  subjects.  The  authors
declare  that  no  experiments  were  performed  on  humans  or
animals  for  this  study.
Conﬁdentiality  of  data.  The  authors  declare  that  no  patient
data  appear  in  this  article.
Right  to  privacy  and  informed  consent.  The  authors
declare  that  no  patient  data  appear  in  this  article.
Conﬂict of interest
The  authors  declare  that  they  have  no  conﬂicts  of  interest.
Acknowledgements
This  work  was  supported  by  grants  from  the  National  Natural
Science  Foundation  of  China  (grant  no.  31271828)  and  the
National  Science  and  Technology  Support  program  (grant  no.
2011BAD23B05).
References1. Arima K, Kakinuma A, Tamura G. Surfactin, a crystalline pep-
tidelipid surfactant produced by Bacillus subtilis:  isolation,
characterization and its inhibition of ﬁbrin clot formation.
Biochem Biophys Res Commun. 1968;31:488--94.ctin  349
2. Banat IM. Biosurfactants production and possible uses in micro-
bial enhanced oil recovery and oil pollution remediation.
Bioresour Technol. 1995;51:1--12.
3. Cooper DG, MacDonald CR, Du SJB, Kosaric N. Enhanced produc-
tion of surfactin from Bacillus subtilis by continuous product
removal and metal cation additions. Appl Environ Microbiol.
1981;42:408--12.
4. Chenikher S, Guez JS, Coutte F, Pekpe M, Jacques P, Cas-
sar JP. Control of the speciﬁc growth rate of Bacillus
subtilis for the production of biosurfactant lipopeptides in
bioreactors with foam overﬂow. Process Biochem. 2010;45:
1800--7.
5. Coutte F, Lecouturier D, Ait Yahia S, Leclère V, Bèchet M,
Jacques P, Dhulster P. Production of surfactin and fengycin by
Bacillus subtilis in a bubbleless membrane bioreactor. Appl
Microbiol Biotechnol. 2010;87:499--507.
6. Davis DA, Lynch HC, Varley J. The application of foaming for
the recovery of surfactin from B. subtilis ATCC 21332 cultures.
Enzyme Microb Technol. 2001;28:346--54.
7. Guez JS, Chenikher S, Cassar JP, Jacques P. Setting up and
modelling of overﬂowing fed-batch cultures of Bacillus subtilis
for the production and continuous removal of lipopeptides. J
Biotechnol. 2007;131:67--75.
8. Gi WC,  Hyun WK, Se KM. Repeated-batch fermentation using
ﬂocculent hybrid, Saccharomyces cerevisiae CHFY0321 for efﬁ-
cient production of bioethanol. Appl Microbiol Biotechnol.
2009;84:261--9.
9. Makkar RS, Cameotra SS, Banat IM. Advances in utilization
of renewable substrates for biosurfactant production. AMB
Express. 2001;1:1--19.
0. Noah KS, Bruhn DF, Bala GA. Surfactin production from potato
process efﬂuent by Bacillus subtilis in a chemostat. Appl
Biochem Biotechnol. 2005;121:465--73.
1. Noah KS, Fox SL, Bruhn DF, Thompson DN, Bala GA. Develop-
ment of continuous surfactin production from potato process
efﬂuent by Bacillus subtilis in an airlift reactor. Appl Biochem
Biotechnol. 2002;98:803--13.
2. Ohno AT, Ano M, Shoda T. Production of a lipopep-
tide antibiotic, surfactin, by recombinant Bacillus subtilis
in solid state fermentation. Biotechnol Bioeng. 1995;47:
209--14.
3. Sen R. Response surface optimization of the critical media com-
ponents for production of surfactin. J Chem Technol Biotechnol.
1997;68:263--70.
4. Sun LJ, Lu ZX, Bie XM, Lu FX, Yan SY. Isolation and char-
acterization of a co-producer of fengycins and surfactins,
endophytic Bacillus amyloliquefaciens ES-2, from Scutellaria
baicalensis Georgi. World J Microbiol Biotechnol. 2006;22:
1259--66.
5. Shaligram NS, Singhal RS. Surfactin -- a review, on biosynthe-
sis, fermentation, puriﬁcation and applications. Food Technol
Biotechnol. 2010;48:119--34.
6. Yeh MS, Wei YH, Chang JS. Bioreactor design for enhanced
carrier-assisted surfactin production with Bacillus subtilis. Pro-
cess Biochem. 2006;41:1799--805.
7. Zhao JF, Li YH, Zhang C, Yao Z, Zhang L, Bie XM, Lu FX, Lu ZX.antimicrobial lipopeptide production and an analysis of relative
gene expression using FQ RT-PCR. J Ind Microbiol Biotechnol.
2012;39:889--96.
